In order to better understand the behaviour of the turbulent fl ow around forests interrupted by clearings, numerical simulations with a LVEL k-ε turbulence model have been performed. The effects of the clearing width on the fl ow fi eld were studied for two-dimensional forest-clearing-forest sequences. Furthermore, three-dimensional calculations were conducted in order to investigate the infl uence of the clearing shape. The numerical results were validated against our own wind tunnel data. The impact of the clearing width on the fl ow fi eld is marginal above and within the upstream forest area, but signifi cant further downwind. With increasing clearing width, the volume fl ux through the downstream forest and the streamline patterns resemble more and more those of an individual forest stand. For the forest confi guration with maximum investigated clearing width ( a / H = 11, where H is the forest height), the fl ow around the forest downstream of the clearing is still clearly affected by the presence of the upstream forest area. With increasing clearing width, the mean bending moment coeffi cients of trees standing near the leeward clearing edges increase gradually. For small clearings, the infl uence of clearing shape (round or rectangular) on the fl ow fi eld is marginal.
Introduction
In forest stands, clear-cut areas of different geometry can be found. They are induced by tracks, roads, intersections or they are created by forest fi res or severe storms. Such clearings represent a discontinuity in the forest canopy causing the atmospheric fl ow to ' stumble ' and to induce mean wind and turbulent perturbations. Thus, clearings can infl uence the wind stability of forest stands. However, there is still a lack of knowledge on the fl uid mechanical behaviour.
The fl ow fi eld around an individual forest stand can be subdivided schematically into seven distinct regions (see Belcher et al. , 2003 ) : windward of the canopy the impact region, within the canopy the adjustment region and further downstream the canopy interior, above the canopy the canopy shear layer and above a roughness-change region, leeward of the canopy the exit region and the far wake. Many studies deal with the fl ow fi eld near individual forest edges (e.g. Morse et al. , 2002 (wind tunnel and fi eld); Li et al. , 1990 ; Liu et al. , 1996 (numerical studies); Raynor, 1971 ; Gash, 1986 (fi eld studies)). Yang et al. (2006b) studied wind loadings on trees across a forest leading edge by employing a large-eddy simulation (LES) simulation. At the leading edge, the absolute values of both mean and extreme wind moments are high compared with those further downstream inside the forest stand. However, for x / H > 8, the wind moment is characterized by higher maximum-to-mean ratios, greater fl uctuations relative to the local means, larger positive skewness and higher frequency of extreme values than in the edge region. According to this, trees inside the forest could be more vulnerable than established edge trees because wind damage is more likely associated with maximum wind moments rather than mean moments. At recently formed edges, the edge trees are likely more vulnerable than those inside the forest because they are exposed to unusually high wind loadings. Bergen (1975 Bergen ( , 1976 investigated in a fi eld study the fl ow in a clearing of size 1 H × 5 H . His smoke drift measurements showed that the recirculating vortices in clearings are highly intermittent. The fl ow states continuously alternate between recirculation and throughfl ow (see also Raupach et al. , 1987 ) . Raupach et al. (1987) investigated the fl ow fi eld in three clearings of different width ( a / H = 4.3, 11.8 and 21.3) in a wind tunnel. Their results showed that the two roughness changes (rough-to-smooth and smooth-to-rough) accompanying the clearing have no signifi cant upstream effects. The turbulence equilibrates very slowly downwind of the rough-to-smooth surface change, but quite rapidly downwind of the smooth-to-rough change. Just leeward of the clearing, an enhanced gust zone exists in which the peak gusts are much stronger than in an undisturbed canopy. For the smaller clearings, the fl ow patterns are apparently similar, though in the case a / H = 4.3 the main effects are somewhat attenuated (the results for the smaller clearings were unfortunately not published). Their experimental data of the wide clearing were used several times to validate numerical models, see Wilson and Flesch (1999) (k-l-model) , Foudhil et al. (2005) (k-ε -model), Sogachev and Panferov (2006) (k-ω -model), Yang et al. (2006a) and Dupont and Brunet (2008) (LES models) . Miller et al. (1991a) simulated the airfl ow across an alpine, 3-H wide forest clearing by means of a steady-state, two-dimensional (2D) numerical model. The model results were compared with their own fi eld data. Miller et al. (1991b) investigated the infl uence of the canopy density on the fl ow fi eld in small clearings. For a canopy with dense understorey, two different clearing widths were investigated: 3 H and 5 H . Stacey et al. (1994) investigated 2D clearings of varied width ( a / H < 6.7) using an aeroelastic model of a 15-m high Sitka spruce stand. Their measurements of mean and extreme bending moments (BMs) at selected individual trees showed that trees standing close to the sheltered upwind side of a clearing experience the same extreme BMs as trees amid vast forests. At the exposed downstream side of a clearing, the extreme BMs are high; however, the moments decrease rapidly within the fi rst few rows. As soon as even the smallest clearing exists within the forest, the extreme BMs increase sharply. A one-tree height wide clearing virtually doubles the extreme moment on the exposed forest edge (compared with the mid-forest value). Trees of the second to 10th row experience lower extreme BMs than mid-forest trees. Flesch and Wilson (1999) carried out fi eld measurements in two forest cutblocks of different width ( a / H = 1.7 and 6.1), in which immature trees had remained. Both cutblocks were part of shelterwood systems consisting of a series of identical cutblocks separated by unharvested forest strips. They observed that the most effective wind shelter in clearings occurs within three tree heights of the upwind forest trailing edge. In this ' quiet zone ' , the average wind velocity and the turbulence are reduced relative to their reference levels in a larger clearing.
Sanz Rodrigo et al. (2007) investigated in a wind tunnel study the infl uence of the forest porosity and the length of the leading forest ( L = 2, 5 and 10 H ) on the fl ow fi eld within 2D clearings ( a / H = 5). Additionally, the fl ow fi eld leeward of varied porous shelterbelts ( L = 2 H ) was studied. The results of their particle image velocimetry measurements showed that the porosity has a signifi cant impact in the short upwind forest and shelterbelt cases. However, in the long upwind forest cases, where there is hardly any air entrainment from the upstream forest, the porosity effect is considerably attenuated.
The impact of canopy morphology (more precisely the plant density and vertical distribution of the leaf area density) on the spatial variation of the fl ow characteristics particularly in the adjustment region of a forest area located downwind of a 21.2-H wide clearing was studied by Dupont and Brunet (2008) . With increasing canopy density, the fl ow adjusts faster and turbulent features become more marked. The length of the adjustment region increases signifi cantly, when the forest is characterized by a sparse trunk space, because then a sub-canopy wind jet from the leading edge is formed. The position and magnitude of the enhanced gust zone are related to the mean upward motion formed behind the windward edge around canopy top.
There are key parameters such as the shear length Ls or the tallest tree height which can be used to generalize results so that they can be applied in other forest conditions (tree height, forest structure etc.), see Finnigan (2000) , Gardiner et al. (2005) .
K-ε -models were used several times in order to study the fl ow around forests. Usually the standard model, see e.g. Launder and Spalding (1974) , was modifi ed by inserting additional source and sink terms in the transport equations for momentum and for the turbulent quantities (turbulent kinetic energy (TKE) k and turbulent dissipation rate (TDR) ε ). Table 1 gives an overview of these terms taking into account the momentum absorption, the development of wake turbulence as well as the enhancement of the kinetic energy dissipation by a ' spectral shortcut ' ( Finnigan, 2000 ) . The constants used in former models are summarized in Table 2 .
In the perspective of better assessing windthrow risks of forest areas interrupted by clearings, a better understanding of the fl ow behaviour is essential. Latest research results indicate that the gust velocity or the gust momentum is not the only quantity on which load assessments should be based. It seems that the ratio of gust velocity to mean velocity plays an important role. In other words, it makes a difference whether a gust of a constant velocity is acting on a forest edge associated by strong or weak mean fl ow. A porous body in a mean fl ow fi eld will always lead to an effective aerodynamic shape of the body, which usually does not coincide with the physical shape. This effect was not accounted for in the past. In order to investigate this effect, fi rst of all, the mean fl ow fi eld must be determined for standard edge confi gurations. Therefore, a numerical study was performed in which 2D clearings of different width as well as three-dimensional (3D) clearings of different shape have been investigated. For the study, a software package based on the LVEL k-ε turbulence model was used (FLOVENT/Flomerics Ltd). The forest stands were simulated by highly porous and homogenous bodies characterized by fl ow resistances (via pressure loss coeffi cients) and a simplifi ed sink term for the TKE. The CFD-Code FLOVENT was used in former studies dealing with wind shelter in the intermediate fi eld of double-arranged mound-mounted shelterbelts (see Frank, 2005 ) .
Methods

CFD-Code FLOVENT
The used CFD-Code offers a LVEL k-ε turbulence model to close the Reynolds-averaged Navier -Stokes equations, see Flomerics Limited (2005) . The turbulent viscosity ν t is determined in near-wall regions by a blending of the turbulent viscosity ν t, k-ε , calculated by the classical k-ε approach, and the turbulent viscosity ν t, LVEL , calculated by an algebraic LVEL approach using a characteristic length ( L ) and velocity (VEL) scale. In addition, wall functions for the treatment of wall-adjacent cells are included. The governing equations are solved on a structured, staggered grid, using the fi nite volume method. Underlying discretization schemes are fi rst-order upwind and second-order central differences for the convection and the diffusion terms, respectively.
The numerical wind tunnel
The fi rst step in numerical modelling was to build a numerical wind tunnel with boundary conditions and an undisturbed atmospheric boundary layer fl ow similar to that of the wind tunnel experiments of Frank and Ruck (2007) , see below. 
A sketch of the numerical wind tunnel is given in Figure 1 . The ground level was modelled as a rough wall with an estimated equivalent sand grain roughness. The boundary faces of the solution domain are defi ned as open in x -direction and as symmetric in the other two directions (open = a free boundary of constant pressure through which air can fl ow, symmetrical = a frictionless, impermeable and adiabatic planar surface through which neither air nor heat can fl ow). The atmospheric approach fl ow was determined at the beginning of the solution domain by means of 30 fi xed fl ow devices. Values of the mean horizontal velocity u , of the TKE and the TDR were defi ned for each fi xed fl ow device. The forest areas were modelled as volume resistances via an estimated pressure loss coeffi cient k r = Δ p /(0.5 ρ · u 2 ) = 0.8 m Ϫ 1 . Its vertical distribution with height was simplifi ed and assumed as homogenous. Since it is not possible in FLOVENT to defi ne terms corresponding to those in Table 1 depending on two or more grid-dependent fl ow variables, simplifi ed sink terms for the TKE were defi ned at the forest edges by inserting collapsed linear sources of the form S φ = C φ ·( V φ − φ ), with C φ = 0.6, V φ = 0.0 and φ = TKE.
Both 2D and 3D computations were performed. 2D means the forest areas as well as the clearing are infi nitely long in y -direction and all variables remain constant in this direction throughout the domain. In case of the 3D computations, the fl ow quantities are variable also in y -direction. Forest confi gurations with 2D clearings of varied width were investigated numerically, whereas the width (i.e. the along-wind length of the clearing, see Figure 1 ) ranged from 1 to 11 times the forest height. Additionally, an individual forest without clearing was tested being as long as the upstream forest areas of the clearing confi gurations ( L = 206 m = 9 H , below also referred to as ' short forest ' ). Furthermore, two 3D confi gurations with clearings of different shape were studied, namely a rectangular clearing of size 1 H × 1 H and an (approximately) round clearing with a diameter of 1 H .
The maximum grid size of the 2D calculations in streamwise and vertical direction amounts to 2.5 m. In the lower part of the solution domain Figure 1 . Sketch of the numerical wind tunnel.
( z ≤ 100 m), the grid was refi ned to a maximum grid size of 1.25 m. The total number of grid cells amounted to 73 239 (system grid: 331 × 1 × 108 = 35 748 grid cells, refi ned region: 659 × 1 × 81 = 53 379 grid cells). In comparison to the 2D calculations, the maximum grid size of the 3D calculations was doubled (5 and 2.5 m, respectively). The total number of grid cells amounted to 598 884 in the rectangular clearing confi guration and 736 209 in the round clearing confi guration. From the computed horizontal velocities u , wind loadings on trees were estimated. For this purpose, BM coeffi cients were calculated for trees standing at the downwind edges of the 2D clearings of different width as well as within the forest areas at different distances from the leading forest edges. The BM is calculated by applying the following function:
where ρ is the air density, c d the drag coeffi cient, a the plant area density and A ( z ) the base area of a tree. The dimensionless BM coeffi cient BMCoeff is defi ned as 
vertically constant leaf area density and (3) the base area of a tree is 1.73 × 1.73 m 2 = 3.0 m 2 (corresponding to a stand density of 3340 trees·ha Ϫ 2 ). The length and width of the single trees are identical to the tree spacing in the investigations of Stacey et al. (1994) and Gardiner et al. (1997) (pattern K1) so that a comparison with their wind tunnel results is facilitated.
Validation
The numerical data were validated against the wind tunnel data described in detail in Frank and Ruck (2007 Rudnicki et al. , 2004 ) ,
where ρ is the air density, u the approach velocity and A ( u ) the velocity-dependent front area). The distance between the trees amounts to 0.18 H (4.1 m) in streamwise direction and 0.17 H (4.0 m) in lateral direction. With this forest confi guration, a stand density of 2400 trees m Ϫ 2 in the model and 600 trees m Ϫ 2 in nature was realized. The model forest possesses a structured and closed canopy. It extends over the entire wind tunnel width so that lateral fl ows are suppressed and the fl ow fi eld is quasi 2D. The model forest was divided by the clearing into two separated forest areas of equal length L = 9 H . Two forest confi gurations with clearings of the width a / H = 1 and 5 were investigated to date. The velocity measurements were performed by means of a 2D laser Doppler anemometry system. At each measuring point, ~ 26 600 data points were collected with a sampling Figure 2 . Photo of the model forest.
frequency of 500 Hz. The TKE was calculated from the measured standard deviations of the streamwise and the vertical velocities, u ′ and w ′ , Stull (1988) , assuming that v ′ 2 = 0.5·( u ′ 2 + w ′ 2 ). Figure 3 shows computed and measured vertical profi les of horizontal velocity u ( z ) and TKE( z ) at different streamwise positions in the empty numerical and physical wind tunnels. In the empty physical wind tunnel, the horizontal velocity increases slightly and the TKE decreases somewhat in streamwise direction over a distance of Δ x = 16.2 H for 0.5 < z / H < 3.5. Averaged values of the fl ow quantities were calculated from the experimental data as target values for the undisturbed atmospheric boundary layer fl ow in the numerical wind tunnel. The agreement between numerical data and averaged experimental data is quite satisfactory at the origin of the Cartesian co-ordinate system ( x = 0 in Figure 1 ). Furthermore, it can be seen that the computed mean fl ow is in an equilibrium state whereas the computed TKE varies slightly in fl ow direction.
For a fi rst validation, the confi guration with the 1-H wide clearing was selected. Computed and measured vertical profi les of the streamwise velocity u and the TKE are plotted in Figures 4 and 5 , respectively. The agreement of the velocity profi les is all in all quite satisfactory. The TKE profi les show partially differences: the computed TKE is overestimated particularly close to the upper forest edge in the vicinity of the leading edge and slightly in the upper part of the solution domain ( z / H > 2). The latter is probably the consequence of the fact that the TKE does not completely equilibrate, as was shown in Figure  3 . However, the agreement is quite good at lower heights in the region of the clearing.
Results and discussion
2D clearings of varied width Streamlines
In Figure 6 , streamlines of three forest confi gurations with varied clearing width are shown: a / H = 1, 5 and 9. In all investigated confi gurations, recirculation zones occur in the lee of both forest areas (upstream and downstream of the clearing). Furthermore, recirculation zones can be observed inside the forests themselves, whereas those inside the downstream forest areas solely exist with wide clearings. In the smallest clearing ( a / H = 1), the recirculation zone extends over the entire clearing width. In the wider clearings, the length of the recirculation area amounts to ~ 2.8 H and remains quite constant.
The presence of the forest canopy induces a pressure gradient, which starts to decelerate the undisturbed approach fl ow slightly upstream Figure 3 . The undisturbed atmospheric boundary layer fl ow: comparison of measured (symbols) and computed (lines) vertical profi les of (a) the streamwise velocity u and (b) the TKE. from the leading forest edge. The airfl ow penetrates to some extent through the windward edge into the stand, where it is decelerated further on and, due to momentum conservation, defl ected upward, passing through the canopy top in the windward half of the upstream forest area. Close to the trailing edge of the upstream forest area, the fl ow above the canopy is defl ected slightly downward and passes partly into the forest area.
The fl ow behaviour around and through the downwind forest area depends strongly on the clearing width. If the clearing is very small ( a / H = 1), the region between the two forest areas is dominated by the recirculation zone. In this case, the impact of the clearing on the fl ow above top height is quite slight. The slight downward motion of the fl ow continues over the clearing and even over the downwind forest area. The air penetrates into the downwind forest area through the upper part of the leading edge and the front part of the canopy top. No recirculation zone occurs inside this forest area.
With augmenting clearing width, the penetration of air into the clearing region ( z / H < 1) increases and, as a consequence, the infl ow through the leading edge of the downstream forest area as well as the outfl ow through the canopy top are also augmented. In these cases, the infl ow takes place over the total forest height. With increasing clearing width, the fl ow behaviour around and through the downwind forest area resembles more and more that of the upwind forest area. Recirculation zones in forest clearings were observed also by Bergen (1975) , Raupach et al. (1987) , Miller et al. (1991a , b) , Stacey et al. (1994) and Sanz Rodrigo et al. (2007) . Bergen (1975) and Raupach et al. (1987) showed that such recirculating vortices are highly intermittent. A large recirculation zone (5 H wide and 0.7 H high) within a dense forest ( c d ah = 2.04) was also observed in the numerical simulation of Krzikalla (2005) . The centre of this recirculation zone was located 11 H downstream from the leading forest edge. Our results show that in wide clearings, the reattachment length is not infl uenced by the clearing width. Such behaviour was also observed in the intermediate fi eld of doublearranged windbreak systems (see Frank, 2005 ; Frank and Ruck, 2005 ) .
Volume fl ow rates
In Table 3 , the volume fl ow rates through the edges of both forest areas are summarized. Absolute values as well as percentage values being related to the sum of the respective volume infl ows are given for all investigated forest confi gurations. The width of the clearing affects particularly the volume fl ow rates of the downwind forest area and only slightly those of the upwind one. With increasing clearing width from a / H = 1 up to 11, the total volume infl ows increase by 2 and 355 per cent, respectively. For the widest investigated clearing ( a / H = 11), the total volume infl ow of the upstream forest area amounts to 99.5 per cent of the value of the single forest confi guration. The corresponding value of the downstream forest area amounts to only 72 per cent, indicating that the infl uence of the upstream forest area still exists.
Contour plots and horizontal profi les
In Figure 7 , contour plots of the streamwise velocity component u are shown for three forest confi gurations: small forest without clearing (top) and forests with clearings of the width a / H = 1 (middle) and a / H = 9 (bottom). Corresponding contour plots of the vertical velocity component w and the TKE are given in Figures 9 and 11 , respectively. Horizontal profi les of the streamwise velocity u are depicted in Figure  8 for confi gurations with varied clearing width. As can be seen in all these fi gures, the clearing width has no signifi cant infl uence on the fl ow fi eld upstream of the clearing. Similar observations were also made by Raupach et al. (1987) .
In the near wake of the short forest, the horizontal and the vertical velocities decrease slightly near the ground ( z / H ≤ 0.52) due to the formation of the recirculation zone ( Figures 8e,f and 10e,f ) . Further downstream, the horizontal and the vertical velocities increase with increasing distance to the forest edge. By contrast, the TKE increases quickly in the near wake and decreases gradually further downstream ( Figure 12e ,f ). Gash (1986) observed in his fi eld study downwind of a forest -heath interface ( x / H > 5 at a height z / H = 0.35) also an increase of the horizontal velocity and a slight decrease of the vertical and horizontal standard deviations (indicating that also TKE decreases).
In comparison to the horizontal profi les in the wake of a short forest, the profi les in the clearing region are in general more curved (see Figures 8 ,  10 and 12 ). The differences between the profi les are very small in the windward clearing halves and increase further downstream, particularly near the leeward edges of the clearings in the impact regions of the downstream forest areas. Both the numerical and the experimental results show that in the clearing region -when compared with the values of the short forest confi guration -(1) the horizontal velocities decrease in all four illustrated heights ( Figure 8b ,d -f ), (2) the vertical velocities increase for z / H ≥ 1.13 ( Figure 10b,d ) and are similar at ground level ( Figure 10e ,f ) and (3) the TKE decreases for z / H ≤ 0.52 ( Figure 12e,f ) . Near the ground, the reduction of the horizontal velocities as well as the TKE is highest near the leeward clearing edges due to the shelter effects of the downstream forest areas. For z / H ≥ 1.13 and a / H ≥ 3, the computed TKE values show a strong, unrealistic increase close to the leading edges of the upstream forest areas ( Figure 12b 1; at forest height, the factor is even higher. This suggests that, in contrast to the mean wind forces, the turbulent wind forces increase.
Above the downstream forest area at a height z / H = 1.13, an increase of the clearing width results in an augmentation of the mean streamwise and vertical velocities close to the leading edge ( Figures 8c and 10c ) . Furthermore, the numerical results show that a broadening of the clearing from a / H = 1 up to 3 induces a strong increase of the TKE along the whole downstream forest area ( Figure 12c ). This strong increase is not verifi ed by the experimental results (and is most likely a consequence of the unrealistic high TKE values in the region of the clearing observed for confi gurations with a / H ≥ 3). Likely due to the overestimated TKE values, the horizontal velocities are somewhat underestimated for a / H ≥ 3 ( Figure 8c ) . For wider clearings, the TKE increases slightly for 3 ≤ a / H ≤ 7, but decreases slightly for a / H > 7. The general fl ow behaviour in the clearing resembles strongly that in the intermediate fi eld of double-arranged windbreak systems of variable width ( Blenk and Trienes, 1956 ; Frank, 2005 ) . Despite differences in upwind conditions, the fi eld data of Flesch and Wilson (1999) also show a relative good agreement for the two investigated clearings of different width ( a / H = 1.7 and 6.1) when the wind statistics are plotted together vs x / H . By contrast, Miller et al. (1991b) observed in their numerical study that due to a reduction of the clearing width from a / H = 5 to 3, the general wind velocities in the clearing are reduced by about eightfold and the vorticity is greatly increased. This fi nding is very astonishing; especially the velocity seems to be reduced signifi cantly not only inside the clearing but also above the adjacent forest areas up to a height of z / H = 3. The experimental data of Raupach et al. (1987) -plotted by Flesch and Wilson (1999) in their Figure 9 -show that in a short clearing ( a / H = 4.3), the mean horizontal velocity as well as the TKE are reduced near the windward clearing edge at a height z / H = 0.4 when compared with a large clearing ( a / H = 21.3). Further upstream in the clearing, the differences in the wind statistics are, however, small. These observations agree well with ours.
Estimate of wind loadings on trees
In Figure 13 , mean BM coeffi cients BMCoeff for trees standing at the downwind edges of clearings are shown as a function of the clearing width. The mean BM coeffi cients increase with increasing clearing width. In comparison to the BMCoeff of the short forest, the BMCoeff of the confi guration with the widest investigated clearing ( a / H = 11) is still small, indicating that trees standing at the leeward edge of this clearing are still sheltered by the presence of the upstream forest area. The relationship between BMCoeff and a / H is nearly linear. The agreement between our results and the experimental data of Stacey et al. (1994) and Gardiner et al. (1997) is quite good. Their data confi rm our calculations and the magnitude of their coeffi cients is surprisingly similar to ours in view of the quite different forest models and the different approach fl ow characteristics.
Mean BM coeffi cients are plotted in Figure  14 over the downstream distance from the leading forest edges for the short forest and for two forest confi gurations with clearing ( a / H = 1 and 11). In the two latter cases, the leading edges are those of the downstream forest areas. The differences between the curves are highest immediately at the leading edge and decrease rapidly with increasing distance to the edge. The maximum BM coeffi cient of the short forest (BMCoeff max = 0.0088) is around 10 times higher than that of the forest with the small clearing (BMCoeff max = 0.0009) and ~ 1.8 times higher than that of the forest with the wide clearing (BMCoeff max = 0.0049). In a distance of two times the forest height, the BM coefficients are nearly identical. The minimum BM coeffi cients are BMCoeff min = 0.00028 at x 2 / H = 6 for the forest with small clearing, BMCoeffmin = 0.00025 at x 2 / H = 4 for the forest with wide clearing and BMCoeff min = 0.00014 at x / H = 4 for the short forest.
The general curve progression agrees well with that observed by Stacey et al. (1994) . Our values of the short forest are slightly higher near the leading edge than their values (their mean BM coeffi cient at x / H = 0 amounts to 0.008). This Figure 13 . Mean BM coeffi cients as a function of the clearing width a / H . is perhaps mainly the consequence of the different stand heights and the different approach fl ow characteristics. A similar variation of the mean wind moment with distance from the leading forest edge was also observed by Yang et al. (2006b) .
3D clearings of varying shape
As already mentioned, two 3D forest confi gurations with clearings of different shape were investigated: a rectangular clearing of size 1 H × 1 H and an (approximately) round clearing with a diameter of 1 H . For the rectangular clearing, contour and vector plots of the time-averaged velocity components are depicted for different lines of vision: view in streamwise direction ( Figure 15 ), top view ( Figure 16a ) and side view ( Figure 17b,c ) . The corresponding plots of the round clearing are very similar and hence only the top view is shown in Figure 16b .
As was shown in the previous section, the fl ow fi eld above a 2D clearing of width 1 H is dominated by a recirculation zone extending over the entire clearing width (see also vector plot in Figure  17a ). Similar recirculation zones occur above the two 3D clearings ( Figure 17b,c ) . The air masses rotate around centres lying approximately in the middle of the clearing ( x L = 0.4 H − 0.5 H ) at a height z = 0.4 H − 0.53 H . The exact positions of the centres of the recirculation zones are given in Figure 17 . In comparison to the infi nitely long clearing, the centre of the recirculation zone is shifted somewhat downstream and a little downwards in case of the rectangular clearing. Furthermore, the horizontal velocities are slightly higher and the absolute values of the vertical velocities are slightly lower at the centre of the rectangular clearing ( y / H = 0) and both quantities are lower at the lateral clearing edge ( y / H = 0.5) in comparison to the velocities in the 2D clearing ( Figure 18 ). The differences between the infi nitely long clearing and the rectangular clearing are, however, all in all small, especially at y / H = 0. This fi nding is in line with the observation of Stacey et al. (1994) that there is no signifi cant difference in wind loading at the windward sides of holes or linear gaps of the same width.
Approaching the edges of the lateral forest areas in the 3D clearings, the intensity of the rotary motion decreases for z < H , viz. the absolute values of both u and w decrease with The general fl ow pattern is not infl uenced by the clearing shape ( Figure 16 ). As can be seen in Figure 18 , the horizontal profi les of the velocity components u , v and w of the round and the rectangular clearings are nearly identical in the clearing centre ( y / H = 0, solid lines) and vary only slightly at the lateral forest edges ( y / H = +0.5, dashed lines). In the right-most position of the round clearing, the extreme values of the velocities are partly reduced and their positions are displaced slightly towards the streamwise clearing centre when compared with the rectangular clearing.
The numerical results show that there are only marginal differences between the fl ow fi elds above a round and a rectangular clearing. Unfortunately, no data from other studies are known to compare with our results from the square and round gaps.
Conclusions
The numerical CFD-Code, based on a LVEL k-ε model, can be used to a certain extent for a quantitative prognosis of the fl ow fi eld around forests: Differences between computed and measured results occur mainly for the fl ow quantity TKE. The main reason for that lies in the limited possibilities to determine appropriate sink and source terms in the transport equations of both the TKE and the TDR. Nevertheless, the agreement between experimental and numerical results is all in all quite satisfactory for the mean velocity components.
The calculations of 2D clearings of varying width show that the clearing width has little infl uence on the fl ow fi eld inside and above the upstream forest area, but affects strongly the fl ow fi eld within and downstream of the clearing region. In comparison to the horizontal profi les in the wake of a short forest (being of equal length as the upstream forest area of the clearing confi gurations), the profi les within the clearing region are in general more curved as a result of the windward shelter effect of the downstream forest area. In the clearing region, the impact region of the latter interferes with the wake zone of the upstream forest area. For a / H = 1, the recirculation zone leeward of the upstream forest area extends over the entire clearing width. For the wider clearings, the reattachment length remains nearly constant ( x rez ≈ 2.8 H ) and the recirculation zones are displaced slightly downstream. The overall wind activity increases in the clearing region with increasing clearing width. With increasing clearing width, the entrainment of air into the lower region of the clearing ( z < H ) is augmented and, as a consequence, the volume fl ow rate through the leading edge of the downstream forest area increases likewise. Consequently, the fl ow pattern within the downstream forest area resembles more and more that inside the short forest confi guration and the estimated mean BM coefficients of trees standing near the leeward clearing edges increase gradually.
It is a matter of common knowledge that trees adapt to the prevailing mean wind conditions. Thus, particularly in the case of newly created wide clearings, trees standing on the leeward clearing edge are exposed to unusually high wind loads and the storm damage risk of these trees will increase likely. Hence, clear-cut areas should be as small as possible in streamwise direction.
Furthermore, the numerical results show that there are only small differences between the fl ow fi elds of 2D and rectangular clearings of width a / H = 1. The differences between round and rectangular clearings are marginal likewise. Thus, it can be expected that there are only small differences in wind loadings on trees standing at the edges of such narrow clearings.
As stated in the introduction, the results within this series shall deliver information about the mean fl ow fi eld around standard forest edge confi gurations. In a second and future step, the overlapping of transient gusts will be investigated in detail.
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